ABSTRACT | Several signal molecules modulate the physiology of mammalian oocytes. Changes in the level of various signal molecules and their downstream impact on maturation promoting factor (MPF) during the achievement of meiotic competency remain ill understood. Therefore, the present study aimed to analyze levels of various signal molecules and MPF during the achievement of meiotic competency in rat oocytes. For this purpose, cumulus oocyte complexes (COCs) were collected from animals treated with 20 IU pregnant mare's serum gonadotropin (PMSG) for 48 h, followed by 20 IU human chorionic gonadotropin (hCG) for 14 h. The morphological changes, meiotic status and oocyte competency, cytosolic free calcium (Ca 2+ ), total reactive oxygen species (ROS), inducible nitric oxide synthase (iNOS), adenosine 3′,5′-cyclic monophosphate (cAMP), guanosine 3′,5′-cyclic monophosphate (cGMP), cell division cycle 25B (Cdc25B), calciumcalmodulin-dependent protein kinase II (CaMKII), Wee1, specific phosphorylation status of cyclin-dependent kinase 1 (Cdk1), and cyclin B1 expression levels were analyzed. Our data suggest that the culture of denuded diplotene-arrested oocytes resulted in spontaneous exit from diplotene arrest (EDA) in a time-dependent manner. The supplementation of hCG (2 IU) did not show any additive effect over spontaneous EDA in vitro. The hCG (20 IU) surge induced achievement of meiotic competency as most of the ovulated oocytes showed metaphase-II (M-II) arrest with extrusion of first polar body (PB-I). The spontaneous EDA was associated with a moderate increase of cytosolic free Ca 2+ as well as total ROS levels. Furthermore, iNOS, cAMP, cGMP, Cdc25B, Thr161 phosphorylated Cdk1, as well as cyclin B1 levels were significantly decreased, while CaMKII, Wee1, and Thr14/Tyr15 phosphorylated Cdk1 levels were increased significantly during spontaneous EDA. These changes were reversed in ovulated oocytes that showed M-II arrest. The above results suggest that the oscillation of signal molecules modulates MPF destabilization during the achievement of meiotic competency in rat oocytes cultured in vitro.
INTRODUCTION
Meiotic cell cycle in mammalian oocytes involves several stop/go channels [1] [2] [3] . Oocytes are physiologically arrested at diplotene stage within in the follicular microenvironment of mammalian ovary from birth to puberty [4] [5] [6] . These diplotene-arrested oocytes are morphologically identified by the presence of germinal vesicle (GV) and nucleolus [5, 7] . The diplotene arrest for such a long period is due to continuous transfer of several signal molecules and inhibitory factors via gap junctions from encircling granulosa cells to the oocyte [8, 9] . Pituitary gonadotropin surge disrupts gap junctions and cumulusoocyte communications, which result interruption in the supply of several signal molecules and inhibitory factors to the oocyte resulting in meiotic exit from diplotene arrest (EDA) [10] [11] [12] . The physical removal of encircling granulosa cells also interrupts the supply of various signal molecules and inhibitory factors from granulosa cells to the oocyte and results in spontaneous EDA under in vitro culture conditions [13] [14] [15] [16] [17] [18] .
Achievement of meiotic competency starts with EDA and oocyte progresses into metaphase-I (M-I) stage [7, 12, 14, 17] and further gets physiologically arrested at metaphase-II (M-II) stage by extruding first polar body (PB-I) at the time of ovulation in most of the mammalian species [19] [20] [21] [22] [23] [24] [25] [26] . These oocytes remain arrested at M-II stage even after ovulation until fertilization [2, 19, [22] [23] [24] [25] [26] .
The meiotic competency of oocytes can be confirmed using brilliant cresyl blue (BCB) staining. Studies suggest that nicotinamide adenine dinucleo-
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tide phosphate (NADPH) generated by glucose-6-phosphate dehydrogenase (G6PDH) in growing oocytes can reduce BCB stain, a phenoxazine compound and transform it to a colorless compound (leuco-phenoxazine) [27] . Thus, competent oocytes show decreased G6PDH and exhibit cytoplasm with blue coloration (BCB + ), whereas growing oocytes that are expected to have a high level of active G6PDH remain colorless (BCB -) [28, 29] . Therefore, BCB staining has been used to classify competent oocytes in mice [30, 31] , sheep [32] , and cattle [33] . The human chorionic gonadotropin (hCG) surge triggers meiotic maturation in follicular oocytes and ovulation in various mammalian species during assisted reproductive technology (ART) programs [34] . The hCG mimics the action of luteinizing hormone (LH) and binds to LH receptors to trigger final maturation during last phases of folliculogenesis and thereby ovulation [34] .
The meiotic maturation in follicular oocyte is modulated by several signal molecules [35] . These signal molecules are generated either by encircling granulosa cells or oocyte itself [8, 17, 36] . Different levels of these signal molecules probably decide whether the meiotic cell cycle has to be maintained at diplotene stage or progress inside the follicular microenvironment [6, 11, 22] . The calcium (Ca 2+ ), hydrogen peroxide (H2O2), inducible nitric oxide synthase (iNOS), adenosine 3′,5′-cyclic monophosphate (cAMP), and guanosine 3′,5′-cyclic monophosphate (cGMP) are major signal molecules that modulate meiotic cell cycle in mammalian oocytes [5, 6, [15] [16] [17] . These signal molecules could modulate cell division cycle 25B (Cdc25B), calciumcalmodulin-dependent protein kinase II (CaMKII), Wee1, maturation promoting factor (MPF) stabilization/destabilization, and/or cyclin-dependent kinase 1 (Cdk1) activity that may regulate meiotic cell cycle in oocytes [2, 15-17, 20-26, 35, 37] . However, the downstream impact of the signal molecules on MPF stabilization/destabilization during meiotic cell cycle progression from diplotene arrest to M-II arrest remains poorly understood. Therefore, the present study was aimed to analyze the changes and the potential impact of cytosolic free Ca 2+ , total reactive oxygen species (ROS), iNOS, cAMP, cGMP, Cdc25B, CaMKII, Wee1, specific phosphorylation status of Cdk1, and cyclin B1 levels during achievement of meiotic competency in rat oocytes cultured in vitro.
MATERIAL AND METHODS

Chemicals and Preparation of Culture Medium
The culture medium (medium-199; AL094A, M-199) used in the present study was purchased from HiMedia Laboratories (Mumbai, India) and other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated. M-199 was prepared as per the company manual protocol. Sodium bicarbonate (0.035% w/v) was added, the pH was adjusted to 7.2 ± 0.05, and the osmolarity was checked (290 ± 5 m Osmol). The M-199 was then supplemented with glutamine, penicillin, and streptomycin (GPS; 1 µl/ml: Cat. No. A007, HiMedia) to prevent microbial growth and then stored at 4ºC until use (discarded if not used within 15 days). Plain M-199 was used for handling oocytes and washing purpose, while 5% fetal bovine serum (FBS) was added to M-199 and then used for in vitro studies.
Experimental Animal and Stimulation of Ovary
Immature female rats, Rattus norvegicus, of CharlesFoster strain (22-24 days old; 45 ± 5 g body weight) were housed in light-controlled room providing food and water ad libitum. Rats were subjected to a single subcutaneous injection of 20 IU pregnant mare's serum gonadotropin (PMSG) for 48 h or superovulation induction protocol (20 IU PMSG for 48 h followed by 20 IU hCG for 14 h). Thereafter, rats were euthanized and the ovary along with fallopian tube was collected in pre-warmed M-199. All procedures conformed in accordance with the institutional practice and within the framework of experimentation of animals (scientific procedure) Act of 2007, of the committee for the purpose of supervision and control on experiments on animals (CPSCEA), Government of India. The project was approved by Institutional Animal Ethical Committee of Institute of Science, Banaras Hindu University (wide letter no. F.Sc./IAEC/2014-15/0248).
Collection of Oocytes
In the first series of experiment, the ovary was punctured using a 26-gauge needle attached to a 1 ml of 
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tuberculin syringe under a microscope (Nikon type 104, Japan) in 35 mm Petri dish containing 2 ml of pre-warmed M-199. The diplotene-arrested COCs were collected after 48 h of PMSG (20 IU) surge using microtubing attached with a disposable glass micropipette (Clay Adams, NJ, USA). COCs were transferred to M-199 containing 0.01% hyaluronidase at 37ºC and denuded by repeated manual pipetting. The diplotene-arrested oocytes were identified morphologically by the presence of GV and nucleolus in oocyte cytoplasm.
To induce spontaneous EDA, diplotene-arrested oocytes were cultured for 7 h in vitro. The EDA was also induced by exposing diplotene-arrested oocytes to 2 IU hCG. The diplotene-arrested oocytes (18) (19) (20) oocytes in each group) were cultured with or without hCG for 1, 2, 3, 5, and 7 h in a CO2 incubator (Galaxy 170R, New Brunswick, Eppendorf AG, Hamburg, Germany, UK; 37ºC temperature, 5% CO2, and 100% humidity). Absence of GV was treated as EDA and used for further analysis in the present study.
For the collection of M-II arrested oocytes, rats were subjected to the superovulation induction protocol (20 IU PMSG for 48 h followed by 20 IU hCG for 14 h). The ovulated COCs were collected from ampulla of the fallopian tube and further cultured for FIGURE 1. Representative photographs showing morphological changes in oocytes. Oocytes collected from PMSG-treated rats showed diplotene arrest as evidenced by the presence of GV and nucleolus (blue arrow, A1). Oocytes that underwent spontaneous EDA showed GVBD and absence of nucleolus (yellow arrow, A2) after 7 h of in vitro culture. Ovulated oocytes showed maintenance of M-II stage and PB-I extrusion (green arrow, A3) after 14 h of hCG surge. The diploid set of chromosomes confirmed the diplotene arrest (blue arrow, B1), while formation of metaphase plate (yellow arrows) specified spontaneous EDA (B2). M-II arrest was confirmed by one haploid set of chromosomes in oocyte cytoplasm (white arrow, B3) and another set of chromosomes in PB-I (green arrow, B3). Culture of diplotene-arrested oocytes with or without 2 IU hCG induced EDA in a time-dependent manner (C). Data are mean ± SEM of three independent experiments and analyzed by two-way ANOVA followed by Bonferroni post-hoc analysis. *, P < 0.05; bar = 20 µm.
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15 min in M-199 to induce the release of PB-I. COCs were denuded by repeated manual pipetting using 0.01% hyaluronidase. The presence of PB-I with normal morphology was treated as M-II arrested oocytes in the present study.
Approximately 12-14 oocytes from each group were washed three times with plain M-199 and then analyzed for morphological changes using a phasecontrast microscope (Nikon, Eclipse; E600, Tokyo, Japan) at 400× magnification. These oocytes were transferred on slide and fixed with 4% buffered formaldehyde for further analysis.
In the second series of experiments, in vitro studies were conducted as described for the first series and approximately 36-42 oocytes from each group were immediately used for the quantitative analysis of cAMP as well as cGMP levels. Three independent experiments were conducted using 76 experimental animals to get oocytes sufficient for morphological, biochemical, and immunofluorescence analysis in the present study.
Determination of Meiotic Status of Oocytes
The meiotic status of oocyte was confirmed using propidium iodide (PI) staining under a fluorescence microscope (Model, Ni-U, Nikon Eclipse Tokyo, Japan) as per previous published protocol [12] . For this purpose, approximately 12-14 oocytes collected from each group were washed 2 times with phosphate-buffered saline (PBS) and then incubated with PI (1 mg/ml) for 1 min in PBS. Thereafter, the oocytes were washed 5-6 times with PBS and then checked for their meiotic status under a fluorescence microscope at 540 nm (400× magnification). Three independent experiments were conducted to verify the meiotic stage and representative photographs are shown in the Results section.
Determination of Oocyte Meiotic Competency
The meiotic competency of oocytes was determined using BCB staining. For this purpose, a group of oocytes (12) (13) (14) were incubated with 26 µM of BCB diluted in M-199 for 30 min in a CO2 incubator following previous published protocol with minor modifications [29] . At the end of the incubation period, oocytes were washed 3 times with PBS and then examined under a phase-contrast microscope for meiotic competency.
Analysis of Cytosolic Free Ca 2+ and Total ROS Level
The cytosolic free Ca 2+ and total ROS levels were analyzed using Fluo3/AM and 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA), respectively, following previous published protocol [22] . Briefly, 12-14 oocytes from each group were exposed to Fluo3/AM (50 µM) and H2DCFDA (10 µM) for 30 min at 37ºC in a CO2 incubator. Thereafter, oocytes were washed 3 times with pre-warmed PBS and then Fluo3 fluorescence was measured at 488 nm excitation/520 nm emission, and DCF fluorescence was measured at 485 nm excitation/520 nm emission using a fluorescence microscope (400× magnification). The corrected total cell fluorescence (CTCF) of 12-14 oocytes from three independent experiments was used for analysis using ImageJ software (version 1.44; the National Institutes of Health, Bethesda, USA).
Detection of iNOS, cAMP, Cdc25B, CaMKII, Wee1, Specific as well as Total Phosphorylation Status of Cdk1, and Cyclin B1 Expressions
Immunofluorescence of iNOS, cAMP, Cdc25B, CaMKII, Wee1, specific as well as total phosphorylation of Cdk1, and cyclin B1 expressions were analyzed in oocytes using their highly specific antibodies purchased from Santa Cruz Biotechnology (Dallas, TX, USA) as per our published protocol with some modifications [38] . In brief, 12-14 oocytes from each group were fixed with 4% buffered formaldehyde (10 min) at room temperature. Slides were washed 3 times with pre-warmed PBS and exposed to triton X-100 (0.01% in PBS) for 10 min at 
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ing phosphorylated Thr286 of CaMKIIα; Wee1 (H-300), rabbit polyclonal antibody (sc-9037) raised against amino acids 347-646 mapping at the Cterminus of Wee1; p-Cdc2 p34 (Thr14/Tyr15), rabbit polyclonal antibody (sc-12340) raised against a short amino acid sequence containing Thr14 and Tyr15 phosphorylated cdc2 p34; p-Cdc2 p34 (Thr161), rabbit polyclonal antibody (sc-12341) raised against a short amino acid sequence containing pThr161 of Cdc2 p-34; cdc2 p34 (PSTAIRE), rabbit polyclonal antibody (sc-53) raised against a peptide epitope mapping within the conserved PSTAIRE domain of cdc2 p34; cyclin B1 (H-433), rabbit polyclonal antibody (sc-752) raised against amino acids 1-433 representing full length of cyclin B1; Actin (C-2), mouse monoclonal antibody (sc-8432) specific for an epitope mapping between amino acids 350-375 at the C-terminous of actin; 1:500 dilutions in blocking buffer] at 37 o C for 1 h in a CO2 incubator. After 6-8 washes with PBS, slides were exposed to 100 µl of specific anti-rabbit fluorescein isothiocyanate (FITC)-labeled (sc-3839) secondary antibody for detection of iNOS, Cdc25B, CaMKII, Wee1, Thr14/Tyr15, Thr161, as well as total phosphorylated Cdk1 and cyclin B1 levels, anti-mouse FITClabeled (sc-2010) secondary antibody for detection of cAMP and anti-mouse tetramethylrhodamine isothiocyanate (TRITC)-labeled (sc-3796) secondary antibody for detection of β-actin at 37 o C a in humidified chamber (1:1000 dilutions in blocking buffer). After 1 h of incubation, slides were washed 6-8 times with pre-warmed PBS and then observed under a fluorescence microscope at 465 nm (FITC) and 540 nm (TRITC) at 400× magnification. Fluorescence intensity of β-actin was analyzed in parallel as a control to assure that all parameters were kept constant during immunofluorescence analysis. The experiment was repeated three times to confirm the results and the representative photographs are shown in the Result section.
Quantitative Estimation of cAMP and cGMP Concentrations
The cAMP as well as cGMP concentrations were analyzed using ELISA kits (cAMP: Cat. No. KGE002; cGMP: Cat. No. KGE003) purchased from R&D Systems (MN, USA) as per our previous published protocol [14] . In brief, approximately 36-42 oocytes collected from each group were lysed in hypotonic lysis buffer (5mM Tris, 20 mM ethylenediaminetetraacetic acid (EDTA), 0.5% TritonX-100, pH 8) and centrifuged at 10,000 × g at 4°C for 30 min. The supernatant was stored at -20°C until all samples were collected. Reagents, samples and standards were prepared as per the protocol provided by the company. The optical density (OD) was taken using a microplate reader (Model: Micro Scan MS5608A, 
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Electronics Corporation of India Limited, Hyderabad, India) set at 450 nm within 10 min. Samples from three independent experiments were run in one assay to avoid inter-assay variation and intra-assay variation was found to be 2.6 %. The cAMP as well as cGMP levels are represented as pmol/mg protein in the Results section.
Statistical Analyses
Data are expressed as mean ± standard error of mean (SEM) of three independent experiments. All percentage data were subjected to arcsine square-root transformation before statistical analysis and then analyzed either by Student's t-test or two-way analysis of variance (ANOVA) followed by Bonferroni post-hoc analysis using SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA). A probability of P < 0.05 was considered statistically significant.
RESULTS
Morphological Changes in Oocytes During In Vitro Culture
As shown in Figure 1 , oocytes collected from PMSG (20 IU for 48 h)-treated animals showed diplotene arrest as evidenced by the presence of GV and nucleolus (blue arrow; Figure 1A1 ). Oocytes showed germinal vesicle breakdown (GVBD, yellow arrow, Figure 1A2 ) during spontaneous as well as hCG (2 IU)-mediated EDA after 7 h of in vitro culture. The majority of oocytes were arrested at M-II stage and possess PB-I after 14 h of hCG surge (green arrow; Figure 1A3 ). The meiotic stages such as diplotene arrest (Figure 1B1) , EDA (Figure 1B2) , and M-II arrest ( Figure 1B3) were further confirmed by their meiotic status using PI staining.
As shown in Figure 1C , culture of diplotenearrested oocytes in medium supplemented with or without 2 IU hCG resulted in EDA in a timedependent manner (two-way ANOVA, spontaneous EDA, F = 380.51; hCG-mediated EDA, F = 382.34, and interaction between these two factors, F = 372.68, P < 0.001, Figure 1C) . hCG-induced EDA was similar to spontaneous EDA suggesting that 2 IU hCG neither had additive effect on EDA nor was sufficient to induce extrusion of PB-I under in vitro culture conditions. On the other hand, 20 IU hCG surge induced ovulation, extrusion of PB-I, and the majority of oocytes were arrested at M-II stage as evidenced by their chromosomal status ( Figure  1B3 ).
Analysis of Meiotic Competency
The BCB test was conducted to determine whether oocytes were meiotically competent or not. Diplotene-arrested oocytes were BCB -as the oocytes did not take any stain (Figure 2A1) . Oocytes that showed EDA after 7 h of in vitro culture were meiotically competent as evidenced by BCB + faint blue staining ( Figure 2A2) . Furthermore, M-II arrested oocytes collected after 14 h hCG surge were also BCB + as the oocytes were stained blue ( Figure  2A3 ). The meiotic competency in oocytes was further confirmed by their meiotic status using PI staining ( Figure 2B1-2B3 ).
Changes in Ca
2+ and ROS Levels Figure 3 shows Fluo3 and DCF fluorescence intensity of Ca 2+ and total ROS levels in oocytes. A moderate increase (P < 0.001) of Ca 2+ and ROS levels was observed as evidenced by increase of fluorescence intensity in oocytes that underwent spontaneous EDA after 7 h of in vitro culture ( Figure 3A2 and 3C2) as compared to diplotene-arrested oocytes (Figure 3A1 and 3C1) . A significant decrease (P < 0.01) of Ca 2+ as well as total ROS level was observed in M-II arrested oocytes collected after 14 h post-hCG surge ( Figure 3A3 and 3C3 ) as compared to EDA oocytes (Figure 3A2 and 3C2) . The CTCF analysis of oocytes using ImageJ software further confirmed our findings (Figure 3B and 3D) .
Changes in iNOS and Cyclic Nucleotides Expression Level
As shown in Figure 4 , a significant decrease (P < 0.001) of iNOS ( Figure 4A2) , cAMP ( Figure 4C2 and 4E) and cGMP ( Figure 4E ) levels were observed in oocytes that underwent spontaneous EDA as compared to their respective diplotene-arrested control oocytes (Figure 4A1, 4C1, and 4E) . 
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4A3, 4C3, and 4E) as compared to spontaneous EDA oocytes (Figure 4A2, 4C2, and 4E) . The CTCF analysis of iNOS and cAMP immunofluorescence further confirms our observations (Figure 4B and 4D).
Changes in Cdc25B, CaMKII and Wee1 Expression Levels
As shown in Figure 5 , a significant (P < 0.001) decrease of Cdc25B ( Figure 5A2 ) and increase of CaMKII ( Figure 5C2 ) and Wee1 ( Figure 5E2 ) expression levels were observed in oocytes that underwent spontaneous EDA as compared to diplotenearrested oocytes (Figure 5A1, 5C1, and 5E1) . The Cdc25B and Wee1 expression levels were increased significantly, while CaMKII expression level was decreased in M-II arrested oocytes collected after 14 h post-hCG surge (Figure 5A3, 5C3, and 5E3 ) as compared to EDA oocytes ( Figure 5A2, 5C2, and  5E2) . The CTCF analysis of their immunofluorescence intensity further confirmed our findings (Figure 5B, 5D , and 5F). Figure 6 shows immunofluorescence intensity of total as well as specific phosphorylation status of Cdk1and cyclin B1 level in oocytes. A significant increase (P < 0.001) of immunofluorescence intensity of Thr14/Tyr15 phosphorylated Cdk1 level was observed in oocytes that underwent spontaneous EDA ( Figure 6A2 ) as compared to diplotenearrested oocytes (Figure 6A1) . However, Thr14/Tyr15 specific immunofluorescence intensity was significantly increased (P < 0.05) in M-II arrested oocytes collected after 14 h post-hCG surge (Figure 6A3 ) as compared to EDA oocytes ( Figure  6A2 ). Furthermore, a significant decrease (P < 0.001) of Thr161 phosphorylated Cdk1 level was observed in oocytes that underwent spontaneous EDA ( Figure 6C2 ) as compared to diplotene-arrested oocytes ( Figure 6C1) . The Thr161 specific immunofluorescence intensity was increased significantly (P 
Changes in Specific as well as Total Phosphorylation Status of Cdk1 and Cyclin B1 Levels
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< 0.001) in M-II arrested oocytes ( Figure 6C3) . The total phosphorylated level (PSTAIRE) of Cdk1 did not alter during the achievement of meiotic competency (Figure 6E1-6E3) . A significant reduction (P < 0.001) in cyclin B1 expression level was observed in oocytes that underwent spontaneous EDA ( Figure  6G2 ) as compared to diplotene-arrested oocytes ( Figure 6G1) . However, cyclin B1 expression level was significantly increased (P < 0.001) in M-II arrested oocytes ( Figure 6G3 ) as compared to EDA oocytes ( Figure 6G2) . The CTCF analysis further strengthened these observations ( Figure 6B, 6D, 6F , and 6H).
β-Actin Expression Remained Unchanged
The β-actin expression level was analyzed in parallel as a control for all the immunofluorescence studies. As shown in Figure 7 , β-actin expression level did not change in oocytes of all groups (Figure 7A1-7A3) . The CTCF analysis of further confirmed our observations (Figure 7B ).
DISCUSSION
In mammals, oocyte quality is one of the most important factors that directly affects the outcome of
FIGURE 4. Representative photographs showing changes in iNOS and cyclic nucleotide level in oocytes.
A significant decrease of iNOS (A2), cAMP (C2, E), and cGMP (E) levels was observed in oocytes during spontaneous EDA as compared to diplotene-arrested control oocytes (A1, C1, E). The iNOS as well as cyclic nucleotide level were significantly increased in M-II arrested oocytes (A3, C3, E) as compared to spontaneous EDA oocytes (A2, C2, E). The CTCF analysis of iNOS and cAMP immunofluorescence further confirmed our findings (B, D). Data are mean ± SEM of three independent experiments and analyzed by Student's t-test. #, p < 0.001, significantly decreased (diplotene arrest versus spontaneous EDA); *, P < 0.01, significantly increased (EDA versus M-II arrest); bar = 80 µm.
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ARTs [3, 8, 39] . The oocyte quality is solely dependent upon the achievement of meiotic competency in oocyte, i.e., spontaneous EDA, progression via M-I to M-II stage, and release of PB-I that results in the production of haploid female gametes. The achievement of meiotic competency involves several biochemical and molecular changes [9, 39] . The successful completion of meiotic competency determines oocyte quality, which is a primary requirement for successful fertilization and early embryonic development [11] [12] [13] 39] .
Pituitary gonadotropin surge is a prerequisite for the initiation of meiotic maturation in oocytes [1, 34] . Although hCG is frequently used as a surrogate for LH surge to induce ovulation in several mammalian species [34] , its mechanism of action during achievement of meiotic competency remains ill understood. Our data suggested that almost 95% oocytes collected after 48 h PMSG surge were arrested at diplotene stage. Culture of these oocytes in vitro resulted in spontaneous EDA in a time-dependent manner. hCG-induced EDA was similar to spontaneous EDA suggesting that 2 IU hCG neither had additive effect on EDA nor was sufficient to induce extrusion of PB-I under in vitro culture conditions. On the other hand, the superovulation induction protocol induced achievement of meiotic competency as evidenced by the extrusion of PB-I in more than 95% of oocytes collected from ampulla of fallopian tube and further cultured for 10-15 min in M-199 under in FIGURE 5. Representative photographs showing changes in Cdc25B, CaMKII, and Wee1 expression levels in oocytes. Spontaneous EDA in oocytes was associated with a decrease of Cdc25B (A2) and increase of CaMKII (C2) and Wee1 (E2) expression levels as compared to diplotene-arrested oocytes (A1, C1, E1). The Cdc25B and Wee1 expression levels were increased, while CaMKII expression level was decreased in M-II arrested oocytes collected after 14 h post-hCG surge (A3, C3, E3) as compared to EDA oocytes (A2, C2, E2). The CTCF analysis further strengthened our observations (B, D, F). Data are mean ± SEM of three independent experiments and analyzed by Student's t-test. Cdc25B, #, p < 0.001, significantly decreased; CaMKII and Wee1, *, P < 0.001, significantly increased (diplotene arrest versus spontaneous EDA); Cdc25B, *, P < 0.001, and Wee1, *, P < 0.05, significantly increased; CaMKII, #, p < 0.05, significantly decreased (spontaneous EDA versus M-II arrest); bar = 80 µm.
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vitro culture conditions. These results suggest that hCG is not effective in inducing EDA under in vitro culture conditions as compared to in vivo surge. The hCG was not effective under in vitro culture conditions possibly due to the removal of mural granulosa cell encircling oocyte at the time of oocyte collection in the present study. The encircling mural granulosa cells provide the site of hCG action as they have specific receptors on the cell membrane [1, 4, 9, 10] .
The meiotic competency of oocytes was confirmed using BCB staining in the present study. BCB test is an indirect measure of oocyte growth that allows the FIGURE 6. Representative photographs showing changes in specific as well as total phosphorylation status of Cdk1 and cyclin B1 expression levels in oocytes. An increase of Thr14/Tyr15 phosphorylated Cdk1 level was observed during spontaneous EDA (A2) and then it was further increased in M-II arrested oocytes collected after 14 h post-hCG surge (A3) as compared to EDA oocytes (A2). The Thr161 phosphorylated Cdk1 level was decreased during spontaneous EDA (C2) and then further increased in M-II arrested oocytes (C3). The total phosphorylated level (PSTAIRE) remained unchanged during the achievement of meiotic competency (E1-3). The cyclin B1 expression level was reduced during spontaneous EDA (G2) as compared to diplotene-arrested oocytes (G1), but increased in M-II arrested oocytes (G3). The CTCF analysis further strengthened our findings (B, D, F, H). Data are mean ± SEM of three independent experiments and analyzed by Student's t-test. Thr14/Tyr15, *, P < 0.001, significantly increased; Thr161 and cyclin B1, #, p < 0.001, significantly decreased (diplotene arrest versus EDA); Thr14/Tyr15, *, P < 0.05, and Thr161 and cyclin B1, *, P < 0.001, significantly increased (spontaneous EDA versus M-II arrest); bar = 80 µm.
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selection of competent oocytes during in vitro maturation [30] . Data of the present study suggested that diplotene-arrested oocytes had a high G6PDH activity as these oocytes did not take any stain (BCB -). Oocytes that showed EDA after 7 h of in vitro culture had little amount of active G6PDH as evidenced by faint blue BCB stain (BCB + ). However, M-II arrested oocytes collected after 14 h hCG surge showed decreased G6PDH and exhibited cytoplasm with blue BCB + stain, suggesting that these oocytes have achieved meiotic competency. Similarly, BCB staining has been used to select competent oocytes in mice, sheep, and cattle [31] [32] [33] .
The increased Ca 2+ oscillations trigger EDA in mouse and pig oocytes [40] [41] [42] . Our data show a moderate increase of cytosolic free Ca 2+ level in oocytes that underwent spontaneous EDA after 7 h of in vitro culture. However, Ca 2+ level was decreased in M-II arrested oocytes collected after 14 h posthCG surge. These results are further supported by the observations that increased cytosolic free Ca 2+ level participates in meiotic cell cycle progression from diplotene arrest in rat [22] , mouse [43] , caprine [44] , and bovine oocytes cultured in vitro [45] .
A moderate increase of intracellular Ca 2+ ([Ca 2+ ]i) level under the physiological range triggers generation of ROS and decreases iNOS expression during spontaneous EDA in rat oocytes cultured in vitro [14, 22, [46] [47] [48] . Our results suggested that increase of ROS level and decrease of iNOS expression induced EDA after 7 h of in vitro culture. An increase of ROS and decrease of iNOS expression level were associated with the decrease of cyclic nucleotide level during spontaneous EDA [9, 12, 14, 49] . Our results suggested that the increased cytosolic free Ca 2+ as well as ROS levels were associated with decreased cAMP as well as cGMP levels during spontaneous EDA. However, the level of both cyclic nucleotides was increased in M-II arrested oocytes collected after 14 h post-hCG surge. Based on these results, we propose that a moderate increase of Ca 2+ as well as ROS and decrease of iNOS, cAMP, as well as cGMP levels mediate spontaneous EDA, while the reverse changes were associated with the maintenance of M-II arrest. Similarly, the increased level of ROS and decreased level of cyclic nucleotides have been reported during spontaneous EDA in rat and human oocytes [9, 12, 14, 22, 49] .
Reduction of the level of both cyclic nucleotides could modulate the downstream pathway(s) to destabilize MPF by altering Cdc25B and Wee1 activities in oocytes. A reduction of cGMP level activates cAMP-phosphodiesterase 3A (PDE 3A) and reduces intraoocyte cAMP level [50, 51] . The reduced intraoocyte cAMP level may result in inactivation of Cdc25B and activation of Wee1 kinase that destabilize MPF leading to EDA in several mammalian species [4, 52] . This possibility is further supported by the observations that the increased intraoocyte cAMP level activates protein kinase A (PKA), which phosphorylates Cdc25B phosphatase [51, 52] . Data of our present study suggested that the Cdc25B expression level was reduced in oocytes that underwent spontaneous EDA in vitro. On the other hand, Wee1 kinase expression level was increased during 7 h of in vitro culture. These data suggest that the inactivation of Cdc25B and activation of Wee1 kinase associate with spontaneous EDA in rat oocytes in vitro. 
A moderate increase of Ca 2+ as well as ROS level destabilizes MPF [46, 49] . Increase of Ca 2+ and ROS level triggers activation of CaMKII [48] . The CaMKII activates Wee1 that destabilizes MPF by inducing phosphorylation of Thr14/Tyr15 of Cdk1 and triggers degradation of cyclin B1 [40] . The destabilized MPF and/or Cdk1 activity triggers EDA in rat and sheep oocytes [12, 14, 22, 32, 38] . Data of the present study suggested that the increase of cytosolic free Ca 2+ and total ROS levels increased CaMKII expression, which thereby increased Wee1 and Thr14/Tyr15 phosphorylated Cdk1 expression level. On the other hand, Thr161 phosphorylated Cdk1 and cyclin B1 levels decreased significantly during EDA. However, the total Cdk1 level did not change. These results suggested a moderate increase of Ca 2+ and ROS levels modulated specific phosphorylation status of Cdk1 and triggered EDA. Similarly, changes in specific phosphorylation status of Cdk1 have been reported during EDA in rat [14, 22] and mouse oocytes cultured in vitro [52, 53] .
In conclusion, our results suggested that a moderate increase of Ca 2+ as well as ROS levels and decrease of cyclic nucleotide level mediated spontaneous EDA during the achievement of meiotic competency in rat oocytes. The reduced cyclic nucleotide level decreased Cdc25B expression level, which resulted in the increase of CaMKII, Wee1, as well as Thr14/Tyr15 phosphorylated Cdk1 level. However, Thr161 phosphorylated Cdk1 as well as cyclin B1 levels were reduced significantly leading to MPF destabilization. The destabilized MPF finally resulted in spontaneous EDA in rat oocytes cultured in vitro. Thus, a moderate increase of Ca 2+ as well as ROS levels under the physiological range and transient decrease of cyclic nucleotide level destabilize MPF that finally leads to the achievement of meiotic competency in mammalian oocytes.
